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Abstract 
 
In inspecting steel-rubber multi-layered structure, shielding of steel layer and intense attenuation 
of rubber layer result in ultrasonic echo from the interfaces of the deep layers being very weak. In 
order to overcome  the  difficulty,  the  double  mode testing  method  is  put  forward. This  method 
synthesizes the characteristics of transverse wave and Lamb wave testing. In the double  mode-
testing transverse wave  and Lamb wave will  be produced in steel  layer at the same time. The 
researches  in theory and experiment have proved that the  method  is  feasible.  According to the 
double mode testing principle, a C-scan inspection system has been developed for the academe. 
Diagnosing images of the three interfaces and thickness- images of insulation layer and under layer 
are obtained. 
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1.  Introduce 
Now  ultrasonic  testing  of  adhesive  quality  in  multi-layered  metal-rubber  structure  still  is  a 
difficult  problem,  because  the  high  mismatch  exists  between  metallic  acoustic  impedance  and 
quietly  impedance  of  insulation,  liner,  and  propellant  and  such  as  rubber-based  materials, 
superadded loudly attenuation of rubber-based materials, that induce echo signal of deep interface 
very weak
 [1,2]. In order to solve this problem of ultrasonic testing, dual-mode detection method, 
which is using focus probe stimulate transverse wave and Lamb wave at the same time in the steel 
plate for the detection, has been brought forward. Based on this detection method, a set of automatic 
ultrasonic testing system, which is applicable to the different models rocket engine coated quality 
testing, has been developed, and have been used. 
2. Possibility of Double Mode Ultrasonic Testing Using Focused Probe 
It  is  possible  to  produce  transverse  wave  or  Lamb  wave  in  incline  incidence 
[1].  Can  both 
transverse wave and Lamb wave be produced at the same time? Answer is yes, for example, the two 
wave may be produced by focused probe in ultrasonic pulse echo incline incidence method inspect 
lamella structure in immersion. The method which shear wave and Lamb wave is produced in steel 
layer at the same time by focused probe is double mode testing. 
2.1 Theory Foundation 
The inspecting is a taper scan process when attenuation structure is inspected by focused probe 
incline incidence method in immersion, as Fig.1 shows, the angle of incidence of focused probe is 
not a changeless angle, but it is a variable range ( b a ± )
[3], here a is the incidence angle which 
parallel  the  focused  probe  axes,  b  is  the  fastigiated  angle  of  fastigiated  acoustic  beam.  If  the 
incidence angle between the first critical angle  I a  and the second critical angle II a , ultrasonic in the shear wave will enter the lamella. When an uncertain incidence angle  i a  in the range of  b a ±  
content sin
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c
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a =  (here cl—longitudinal wave velocity, cp—plate wave phase velocity), a certain 
mode Lamb wave is produced in the lamella. 
 
 
 
 
 
Which transmit rule is followed between transverse wave and Lamb wave? We put forward some 
theory suppose as following: 
There are different route and velocity of transverse wave and Lamb wave in the shell. The shear 
wave is transmission forward along “W” route by speed ct, and a certain mode (or several mode) 
Lamb wave is transmission forward straight by speed cg, as Fig.2shows. Suppose the thickness is h, 
the angle of transverse wave reflection is a , after one time reflection, the interval (delay time) of 
transverse wave and Lamb wave is: 
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t D  is a constant. If Echo reflects n times, transverse wave and the Lamb wave transmission time 
is n times of one time reflection, namely: 
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In other words, as the spread distance increases, the time domain between the two modes waves 
is apart increasingly.  
2.2 EXPERIMENTAL STUDY 
In order to verify the feasibility and dissemination of focus probe dual-mode detecting, it carries 
through the following experimental study. 
2.2.1 Experiment Conditions 
(1) The technical parameters of the focused probe: crystal diameter f 20 mm, frequency 2.5MHz, 
focus 30mm. 
(2) Inspection specimen: 2mm thick steel with 3 mm thick silica gel. 
(3) Inspection parameter: choose an angle of incidence
0 0
0 30 25 、 = a . 
2.2.2 Experimental Methods 
Focus probe incline incidence, the coupling medium is water, to change the distance between the 
incidence probe and the receiving probe for sampling. The incident angle of focus probe is a scope 
g a ± 0 ,  cone  angle  of  the  focus  probe  in  experiment  is 
0 17.1 ＝ g ;  (cone  angle  is  calculated 
according to the geometry refer to Fig.1). The condition of producing transverse wave in the water / 
water / steel interface is II I a a a < < , here 
0
II
0
I 27.3 14.5 ＝ 、 ＝ a a . According to the relation curve 
of incidence angle of water / steel and wave-type, frequency, the thickness 
[2], when the product of 
the frequency and thickness is mm MHz× 5 , incidence angle is in the vicinity of
0 30 , the Lamb wave 
g  
Fig.1 Representative sound type of the 
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Fig.2 Transverse wave and Lamb wave transmit path 
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 of 0 A  and  0 S patterns can form. In order to obtain the transverse wave and relatively simple S0, A0 
pattern Lamb wave, it should select the incidence angle 
0 0
0 30 25 、 = a  for testing, because when 
0 0
0 30 25 、 = a , its range of incidence angle is [7.9
0,42.1
0] and [12.9
0,47.1
0], although the incidence 
angle coverage is comparatively large, focused Acoustic energy mainly concentrated in the spread 
direction of coke-area parallel to the beam axis and the beam axis having a smaller angle with it, so 
the range of these two incidence angle contains the angle which produce a stronger S0, A0 pattern 
Lamb  wave,  ultrasonic  of  the  remaining  angle  mostly  meets  conditions  of  producing  stronger 
transverse wave, that meets the conditions of dual-mode detection. 
When 
0
0 25 = a , according to  ) sin
c
( sin 0
1
0 a b
水
钢 c - =  its central refraction angle is 
0
0 10 . 66 = b , 
in the 2  mm thick steel transverse wave walks  in a "V" shaped according to 0 0 tan 2 b h L =  the 
distance  is  mm L 00 . 9 0 = ,  in  order  to  see  the  effect  of  stacking  and  separation  of  the  two 
components, selecting the distance of the two probes at the 9 mm, 18mm to sample on debonding 
points (tube-district) and plastic contact respectively, sampling signal as shown in Figure 2.13 to 
2.14. When 
0
0 30 = a , it has been unable to calculate 0 0 L and b , in order to contrast with
0
0 25 = a , 
but also selecting the distance of the two probes at the 9 mm, 18mm to sample on debonding points 
(tube-district) and plastic contact respectively, Sampling signal as shown in Fig 3 to Fig 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2.3 Experiment Result 
(1) Fig 3 to Fig 6 show “de-bonded” and “adhesive” spots sampling waves when shear wave refracts 
once and twice. These sampling waves display that the time domain between the two modes waves is 
apart increasingly as the spread distance increases. 
(2) Table 1 lists the parameter of sampling waves when 
0
0 25 = a transverse wave is reflected once, 
twice (refer to Fig.3 and Fig.4), thrice and four times, which included peak value of tongue-wave 
1,2,3and4, the delay time of two components of the first and the second echo. Table 2 is delay time 
statistics of adjacent nodes in the first and second echo (node is the nodal of transverse wave with 
the "V" shaped path component and the intersection of the shell, refer to Fig.3). From the wave and 
signal detection parameters it can draw three conclusions: 
①Using the focus probe to excite transverse wave and Lamb wave at the same time  is totally 
feasible. 
Fig3 
0 25 = a ,L=9mm  “de-bonded”and 
“adhesive” spots sampling wave L=9mm 
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Fig4 
0 25 = a L=18mm,  “de-bonded”and 
“adhesive” spots sampling wave  
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Fig6 
0 30 = a L=18mm,  “de-bonded”and 
“adhesive” spots sampling wave  
Fig5 
0 30 = a ,L=9mm  “de-bonded”and 
“adhesive” spots sampling wave 
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1②The transverse wave and Lamb wave component is stimulated by the focusing probe at the same 
time, with the increasing of transmission distance Ultrasonic of the two components are more and 
more separated in time. And delay difference of Transverse wave and Lamb wave in adjacent nodes 
is uniform, that is  t D  indeed. This shows that the transverse wave spreads forward at the speed of 
t c along with the "W" shaped, but Lamb wave spread forward at its group velocity  g c along with 
the straight line, and these two components exist the time difference, quantity relation accords with 
formula  (1)  and  formula  (2).  According  to  formula  (1),  in  the  experiment, t c =3245m/s, 
s t h 6333 . 0 = D and  s t h 6000 . 0 = D ,  it  can  be  projected  that  Lamb  wave  group  velocity  g c  
is s m/ 3696 ,  s m/ 3747 ; the difference is 1.36%. 
 
Table 1 Sign parameter of double mode testing 
 Probes 
space (mm) 
Testing 
spot type 
Form1 
amplitude 
(v) 
Form2 
amplitude 
(v) 
Form3 
amplitude 
(v) 
Form4 
amplitude 
(v) 
First echo 
delay ( s h ) 
Second echo 
delay ( s h ) 
 9  De-bonded  1.3750           
9  Adhesive  1.0250    0.25       
18  De-bonded  0.4428  0.6427      2.1000   
18  Adhesive  0.3859  0.4609  0.1952  0.2588  2.1000  2.1667 
27  De-bonded  0.2564  0.2153      2.7333   
27  Adhesive  0.2368  0.1799  0.1122  0.1545  2.7333  2.8000 
36  De-bonded  0.2495  0.1908      3.3333   
36  Adhesive  0.1489  0.0811  0.0727  0.0624  3.3333  3.4000 
Note: when the distance of the two probes is 9 mm, the transverse wave and Lamb wave did not separate; peak 
of the tongue-shaped 1 and tongue-shaped 3 listed in the table is actually the peak of the first and second echo. 
 
Table 2 Delay difference Statistics between nodes in the first and second echo of the dual-mode signal  
  The first echo ( s h )  The second echo ( s h ) 
Delay difference of 27mm node compare 
with 18mm 
0.6333  0.6333 
Delay difference of 36mm node compare 
with 27mm 
0.6000  0.6000 
 
③At the same time experiment also found that through changing the incidence angle it can be 
obtained not only the transverse wave and Lamb wave with the same frequency but also the two 
components with different frequency
[3]. As in the above experiment, when the incidence angle is 
0 5 . 24 = a , the transverse wave with the center frequency of 2.5 MHz and Lamb wave with the 
center frequency of 3.43 MHz can be obtained. Therefore, adjusting the incidence angle can get the 
transverse wave and Lamb wave with the same center frequency, and also the two components with 
different center frequency. 
3 The Characteristic of Dual-mode Ultrasonic Testing  
3.1 The Merit of Dual-mode Ultrasonic Testing  
Now  ultrasonic  testing  of  adhesive  quality  in  multi-layered  metal-rubber  structure  still  is  a 
difficult  problem,  because  the  high  mismatch  exists  between  metallic  acoustic  impedance  and 
quietly  impedance  of  insulation,  liner,  and  propellant  and  such  as  rubber-based  materials, 
superadded loudly attenuation of rubber-based materials, that induce echo signal of deep interface 
very weak. It helps to resolve the testing difficulty that the double mode testing of focused probe 
has a few merit s. Its merits as follows: 
(1) Focused probe has many advantages, for example, beam of ultrasonic is thinner, and ultrasonic 
energy is focused, resolving power is higher and signal-to-noise is higher. Incidence sound pressure 
of focused probe is much higher than that of the normal probe at the same diameter because of its 
focusing effect. (2) Transmission coefficient of sound pressure of lamb wave is higher than that of shear wave when 
longitudinal wave transmit into steel layer from water because Lamb wave is a resonance wave.  
(3) Since Lamb wave has many modes, A0 and S0 modes with more transverse wave can be chosen 
to raise the transmission coefficient from the steel layer to water (coupling liquid) or rubber layer 
[3]. 
(4) Shear wave and Lamb wave transmit into water from steel layer become waves of the pulse 
interference. With the increasing of the spreading distances, waves of the pulse interference vary 
from inadequacy interference to far from interference. In order to obtain the echo having greater 
energy, the same phase interfering is applied. 
The advantages of the double mode testing of focused probe can raise the energy and signal-to-
noise  of  the testing  sign  in  ultrasonic  testing  of  adhesive  quality  in  multi-layered  metal-rubber 
structure. 
3.2 Application characteristics of Dual-mode detection method  
Dual-mode  detection  of  focus  probe  improving  energy  of  detection  echo  signal  has  three 
characteristics: First, the use of the focusing probe improves the incident sound pressure highly; 
Second, Lamb wave is a resonance wave, Lamb wave formed in the board has higher transmission 
than the transverse wave formed; Third, choosing the Lamb wave mode with high component of 
transverse wave improves the leakage rate of The Lamb wave. Four, inspiring the transverse wave 
and  the  Lamb  wave  with  the  same  center  frequency,  and  can  transform  these  two  waves  into 
vertical waves.  
Finally it needs to be pointed out that when using dual-mode detection to enhance detection echo 
energy,  the  various  factors  constrain  each  other,  it  should  not  only  simply  pursue  optimal  of 
individual parameters, but also synthetically consider striving to achieve overall optimal. 
4 Ultrasonic Detection System of Rocket Engine Multilayer Bonding Structure  
According  to the  dual-mode  detection  principle  of  adhesive  quality  and  thickness  of  Steel  - 
multilayered  rubber  structure,  an  Ultrasonic  C-scan  inspection  system  of  a  solid  rocket  engine 
coated quality has been developed. Fig 7 is the schematic of the dual-mode detection. Diagnosing 
images of the three interfaces and thickness- images of insulation layer and under layer are obtained 
by the double mode testing method, as shown in Fig.8. Fig 9 to Fig 11 is the image of the engine 
steel/ insulation interface, insulation-promoting interface and insulation thickness. 
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5 Conclusion 
It is possible to produce shear wave and Lamb wave in steel layer at the same time because the 
angle of incidence of focused probe is a range. Incidence sound pressure of focused probe is much 
higher than that of the normal probe at the same diameter, and transmission coefficient of sound 
pressure of lamb wave is higher than that of shear wave when longitudinal wave transmit into steel 
layer from water because Lamb wave is a resonance wave. Therefore, the echo of greater energy 
can be obtained by the double mode testing method. Shear wave and Lamb wave transmit into 
water from steel layer become waves of the pulse interference. With the increasing of the spreading 
distances,  waves  of  the  pulse  interference  vary  from  inadequacy  interference  to  far  from 
interference. In order to obtain the echo having greater energy, the same phase interfering is applied. 
There is a range of angle of incidence for the double mode testing of focused probe and the echo of 
higher energy can be obtained in that range. Especially, when the angle of incidence of focused 
probe and the angle of incidence that produces S0 mode or A0 mode Lamb wave is superposition; 
the echo amplitude appears peak values. Practice has proved that the focused probe dual-mode 
detection  method  can  improve  energy  of  detection  in  the  rocket  engine  multi-storey  structure 
adhesive quality testing, obtain effective detection signal. 
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Fig11   Thickness image and thickness-curve 
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